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SUWMRY 

A f low-v i sua l ixa t ion  8tudy has heen conduct& i n  the Langley Vortex Research 
F a c i l i t y  to i n v e s t i g a t e  e f f e c t s  of lateral control-aurfaca o s c i l l a t i o n 8  on the wake 
of a 0.03-scale d e l  of a wide-body je t  t r anapor t  a i r c r a f t .  E f fec t s  of both a8ym- 
metric a u r t a c e  o s c i l l a t i o n  ( c o n t r o l  s u r f a c e s  move as w i t h  normal l a t e r a l - c o n t r o l  
i npu t s )  and symmetric s u r f a c e  o s c i l l a t i o n  (control su r faces  mve i n  phare) Wbte c o m -  
pared to e f f e c t s  of f i x e d  deflected f l i g h t  spoilers. 
f l i g h t  maneuver which was previous ly  inves t iga t ed  on t h e  t r a n s p o r t  a i r c r a f t  dur ing  
NAsAJPAA f l i g h t  tests and which r e s u l t e d  i n  r u b 8 t a n t i a l  wake-vortex a t t enua t ion .  

The asymmetric care ainulathd a 

'Ihe simulated f l i g h t  maneuver produced a more d i e o r g a n h o d  wake with l e s a  appar- 
e n t  ro t a ry  motion than was obtained wi th  e i t h e r  symmetric s u r f a c e  o s c i l l a t i o n  or 
f ixed  deflected f l i g h t  spoilers. 
ro t a ry  not ion  remained i n  the  wake-vortex system once ro l l -up  was  complete, a f i n d i n g  
c o n s i s t e n t  with r e s u l t s  of the  f l i g h t  tests. 

For t h i s  asymmetric case, only  a amall amount of 

E f f e c t s  of su r face  o s c i l l a t i o n  on $:he vortex ro l l -up  process were complex. With 
asymmetric o s c i l l a t i o n ,  asymmetric r e g i o m  e r e  produced wherein part of the vor t ex  
system t r ans fe r r ed  across t h e  wake centerline, merging with the  vor tex  syatens on the  
other side of the wake. "his vortau t r a n s f e r  phenomenon is i d e n t i f i e d  as a possible 
aerodynamic nschaniam con t r ibu t ing  to the l a rge  amount of a t t e n u a t i o n  observed w i t h  
a synne t r i c  o s c i l l a t i o n .  

Wake ro l l -up  both for d s c i l l a t i n q  c o n t r o l  su r f aces  and for f ixed  deflected 
spoilers was not  complete f o r  a f u l l - s c a l e  downstream d i s t a n c e  of approximately 
1 n.mi. 

INTRODVCTION 

The s t rong  wake vortices qenerated by large commercial jet  t r a n s p o r t  a i r c r a f t  
are a p o t e n t i a l  upse t  hazard to  smallcr a i r c r a f t  that are following, r e s u l t i n g  i n  
terminal area Instrument F l i g h t  Rules (IF%) hor i zon ta l  s epa ra t ion  requirements t h a t  
have cont r ibu ted  to capac i ty  problems a t  busy a i r p o r t s .  For a number of years, the 
National Aeronautics and Space Administration has  bee? involved i n  a broad research 
effor t  cona i s t inq  of model tests, f l i g h t  t e a t s ,  and t h e o r e t i c a l  a t \ d i e a  to  better 
understand t h e s e  wake v o r t i c e s  in order to  devolop aerodynamic means of minimizing 
t h e i r  effects (ref.  1 ) .  

As part of this effort, f l i q h t  tests (ref. 2)  were conducted on t h e  m e i n q  747 
conf iqura t ian  to  eva lua te  t h e  e f f ec t iveness  of s t a t i c a l l y  d e f l e c t i n g  var ious  spoiler 
seyments for vor tex  a t t enua t ion .  &cause spoiler d e f l e c t i o n  had been shown to  be 
effective i n  e a r l y  t e s t a ,  and reproaented a r e l a t i v e l y  simple retrofit, much r ecen t  
wake-vortex research  has haen devoted to eva lua t inq  t h i s  concept (aee ref. 3)  , 
Includinq f l i g h t  test8 of t h s  more promising conf igura t ions .  nurinq the tests 
described i n  re ference  2, a d d i t i o n a l  f l i q h t s  were performed t o  determine i f  a i r c r a f t  
maneuvers on f i n a l  approach would deqrade the vortex a t t e n u a t i o n  obtained by spoiler 
de f l ec t ion .  This maneuver cons is ted  of r o l l i n g  t h e  a i r c r a f t  pe r iod ica l ly  by oscil- 
l a t i n g  the ro l l - con t ro l  wheel near ly  f u l l  d e f l e c t i o n  to produce bank anqle  excurs ions  



of approxiarately f 7 O .  

simultaneously,  b u t  the spoiler segments involved were uprigged f o r  the n e u t r a l  con- 
d i t i o n ,  caus ing  them to  retract on t h e  r i s i n g  wing and become farther extended on  the 
f a l l i n g  wing. 'Jnexpectedly, both obser.#ation and measurements indicated that these 
l a t e r a l - c o n t r o l  o s c i l l a t i o n s  resulted i n  f u r t h e r  a t t e n u a t i o n  of the wake vortex. Por 
in s t ance .  t h e  r o l l i n g  moments induced on a w37B probe a i r c r a f t  encountering the 
vor t ex  du r ing  t h e  tests were mostly wi th in  i t a  r o l l - c o n t r o l  parer. As a result ,  th is  
wake caused s u b s t a n t i a l l y  less ro l l  and bank-angle response on t h e  proba aircraft 
than did t h e  wake a t t e n u a t e d  by static spoiler d e f l e c t i o n ,  In  fact, the -378 pilots 
reported t h a t  t h i s  wake was  e s s e n t i a l l y  f r e e  of olyanized  r o t a r y  r o t i o n  and was some- 
what comparable to light-to-moderate turbulence a t  a 3-n.ri. s e p a r a t i o n  ( r e f .  2). 
S u b s t a n t i a l  a t t e n u a t i o n  t h i s  close behind a heavy-class aircraft is s i g n i f i c a n t  i n  
view of c u r r e n t  s epa ra t ion  requirenents ,  which are 4 to  6 n.ai. depenZing on the size  
class of a i r c r a f t  t h a t  are following. 
obviously no t  ope ra t iona l ly  p r a c t i c a l ,  t h e s e  test r e s u l t s  are of cons ide rab le  
i n t e r e s t  because of t h e  large amount of a t t e n u a t i o n  obtained, and because it is 
bel ieved  t h a t  an understanding of t h e  flow mechanisms r e spons ib l e  f o r  the a t t e n u a t i o n  
may suggest  more p r x c t i c a l  concepts. 

I n  t h e  maneuver, t h e  spoilers and a i l e r o n s  were oscillated 

Although such a maneuver on f i n a l  approach is 

The purpose of t h e  i n v e s t i g a t i o n  described i n  t h i s  paper w a s  to  s imula t e  t h e  
f l i g h t  c o n t r o l  i npu t s  on a 0.03-scale m o d e l  of the Baeing 747 and t o  s tudy  the 
e f f e c t s  on t h e  wake i n  order to  o b t a i n  scnne understanding of the flaw i n t e r a c t i o n s  
involved i n  the wake  a t t enua t ion .  
i n  nature,  u t i l i z i n g  flow v i s u a l i z a t i o n  t o  estimate t h e  amount of a t t e n u a t i o n  
obtained and t o  s tudy the details of the wake-flaw i n t e r a c t i o n s .  The i n v e s t i g a t i o n  
w a s  conducted i n  the  Langley Vortex Research F a c i l i t y .  

The i n v e s t i g a t i o n  w a s  exp lo ra to ry  and q u a l i t a t i v e  
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WPARATUS AND PROCEDURES 

ms t F a c i l i t y  

A ske tch  of t h e  Langley Vortex Research F a c i l i t y  is shown i n  f i g u r e  1. 'Ihis 
f a c i l i t y  w a s  developed during t h e  past decade s p e c i f i c a l l y  to  atudy t h e  l i f t - i nduced  
vortex flows associated with heavy t r a n s p o r t  a i r c r a f t .  
f a c i l i t y  is t h a t  the a i r c r a f t  d e 1  is towed through t h e  test area r a t h e r  than be ing  
he ld  f i x e d  as i n  conventional wind tunnels .  This  f e a t u r e  permits observa t ion  of  t h e  
model-generated wake f o r  long time periods a f t e r  model passage, which represents 
l a r g e  downstream dis tances .  

A particular f e a t u r e  of the 

The f a c i l i t y  is 550 m long and has  a n  enclosed overhead t r a c k  extending the 
length of the bui lding.  
s t r a in -gage  balance beneath a s t reaml ined  powered ca r r i age ,  which travels a long  the 
overhead t rack .  The support  blade is a d j u s t a b l e  to permit v a r i a t i o n  i n  made1 at t i -  
tude. 
enc losure  which serves to i s o l a t e  the carriage wake from t h e  model. The model used 
i n  t h e  p re sen t  i nves t iga t ion  is shown e x i t i n g  t h e  t e s t - sec t ion  enc losure  i n  the pho- 
tograph i n  f i g u r e  2. 'Lhe test s e c t i o n  is 91 m long, 5.5 m wide, and 5.2 high,  wi th  
a 5-c-wide opening i n  t h e  c e i l i n g  to  allow t h e  d e 1  suppor t  blade to  pass. The 
overhead t r ack  extends 305 m ahead of t h e  en t rance  to t h e  covered area to  p e r m i t  the 
c a r r i a g e  to  accelerate to  test velocities up to  30 m/sec. 

The wake-generating aircraft  laode1 is blade mounted on a 

The model a i r c r a f t  is torwed a t  cons t an t  v e l o c i t y  through a test-section 

Model and Test Conditions 

A three-view ske tch  and p r i n c i p a l  geometric c h a r a c t e r i s t i c s  of t h e  0.03-scale 
m o d e l  used €or tests are shown i n  f i g u r e  3. 
t ra i l ing-edge  f l a p s  de f l ec t ed  f o r  landing approach (3Oo/3O0),  and t h e  landing  ge? 
was extended. "he no ta t ion  (30°/300) has convent iona l ly  been used to  i n d i c a t e  t h e  
nominal ang le s  of  d e f l e c t i o n  of inboard and outboard t ra i l ing-edge  f l a p s  f o r  t h e  
landing conf igura t ion .  

The m o d e l  w a s  equipped with leading- and 

A ske tch  of t he  model dep ic t ing  the l a t e ra l - con t ro l  su r f aces  t h a t  were oscil- 
lated i n  the  tests and plots of the  su r face  angular  d e f l e c t i o n s  through one cyc le  f o r  
l a t e ra l - con t ro l  o s c i l l a t i o n  are presented i n  f i g u r e  4 ( a ) .  A photograph showing t h e  
con t ro l  su r f aces  o s c i l l a t e d  is presented i n  f i g u r e  4(b). The su r face  frequency of 
o s c i l l a t i o n  was  a nominal 3.4 cyc le s / sec  t o  correspond f o r  cons tan t  S t rouhal  number 
to  a f u l l - s c a l e  frequency of about 1/4 cycle/sec. (Based on pi lot  comments dur ing  
t h e  f l i g h t  tests descr ibed i n  r e f .  2, slower o s c i l l a t i o n  f requencies  (1/6 to  1/4 
cyc le / sec)  appeared to  produce more a t t enua t ion  than f a s t e r  f requencies .  1 In f i g -  
u re  4 ( a ) ,  t h e  o s c i l l a t i o n s  were approximately s inuso ida l  with the  except ion t h a t  t h e  
spoilers were l imi ted  to  the  f u l l - s c a l e  maximum d e f l e c t i o n  of 45O. Note t h a t  on ly  
the  th ree  inboard s p o i l e r  segments over t he  outboard f l a p  were o s c i l l a t e d ,  an2 t h a t  
the  spoilers were de f l ec t ed  30° a t  the  n e u t r a l  condi t ion .  In add i t ion  t o  t h i s  case, 
to  s imula te  l a t e ra l - con t ro l  o s c i l l a t i o n ,  a case was a l s o  inves t iga t ed  i n  which the  
sur faces  on one wing were o s c i l l a t e d  i n  phase with those on t h e  o the r  wing. This 
case is r e f e r r e d  to  here in  as "symmetrical" su r face  o s c i l l a t i o n  t o  d i s t i n g u i s h  it 
from the case  i n  f i g u r e  4 which is r e f e r r e d  to  as "asymmetrical" su r face  o s c i l l a t i o n .  
The su r faces  were o s c i l l a t e d  by means of mechanical l inkage  which was loca ted  i n s i d e  
the model with the  exception of small crank arms pro t ruding  under the  wings to 
connect to  the  sur faces .  a i s  mechanical l inkaye was d r iven  by a small e lectr ic  
motor located i n s i d e  the  model fuse lage .  In add i t ion  t o  these  two o s c i l l a t i n g  cases, 
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;ymmtric f i x e d  spoiler d e f l e c t i o n  ( t h r e e  inboard segment8 over outboard flap) ua8 
inveitigated as a comparison base l ine .  

S ince  the rcodel was r i g i d l y  mounted on t h e  suppor t  blade, it wa8 n o t  p s i b l e  to 
s imula t e  t h e  bank-angle excurs ions  induced by the l a t e r a l - c o n t r o l  o s c i l l a t i o n 6  i n  t h e  
f l i q h t  tests. Mthough the e f f e c t s  of t hese  aircraft motion. are not  knam,  It  is 
conjec tured  t h a t  they would probably f u r t h e r  d i sorganixe  the wake. 
engine  t h r u s t  was n o t  s imulated i n  the tests. muever, past work ( r e f .  4) has sham 
chat engine  t h r u s t  on t h i s  conf igura t ion  is e f f e c t i v e  i n  a t t e n u a t i n g  the wake vortex. 
For these  reasons,  the r e s u l t s  of t h e  p re sen t  i n v e s t i g a t i o n  are believed to be 
conservat ive.  

I n  addition, 

The node1 f l i g h t  path was a p p r o x i m t e l y  1.7 I below the t e s t - i e c t i o n  c e i l i n g ,  a 
d i s t ance  determined I ron  previous tests to be s u f f i c i e n t  to avoid s i g n i f i c a n t  e f f e c t s  
on t h e  .ode1 l i f t  characteristics. We1 attitude war set for a nominal l i f t  coeffi- 
c i e n t  of 1.4, corresponding to the landing conf igura t ion ,  i n  trimmed condition for 
a l l  conf igura t ions  tested, and test speed was a nominal 30 r/sec, g iv ing  a test 
Reynolds nuaber of approximately 4,7 x lo5 based on the model mean aerodynadc chord. 

Plow-Visualization I n s t r u e n t a t i o n  and P resen ta t ion  of Resu l t s  

Wake-vortex s y s t e m  generated by the d e l  aircraft were s tud ied  w i t h  a tuo- 
dimensior.al f low-visua l iza t ion  technique devalopad for the f a c i l i t y .  KeroaanO smoke 
was i n j e c t e d  i n t o  the test s e c t i o n  i n  a screen  gene ra l ly  confined to  a plane perpen- 
d i c u l a r  to the model f l i g h t  pa th  and i l lumina ted  with flood l igh t s .  The rode1 was 
then propelled through the smoker and the wake ac t ion ,  made visible by the smoke 
induced along t h e  flow s t reaml ines ,  was recorded photographica l ly  w i t h  motion and 
high-speed still cameras. 
and viewed downstream, f ac ing  the approaching model, A detailed d e s c r i p t i o n  of this 
f low-visual izat ion technique can be found i n  re ference  5. 

Iha cameras uere positioned below the model f l i g h t  path 

Resu l t s  are presented he re in  as v i s u a l  t inre histories of t h e  wake cha rac t e r i s -  
tics recorded on still photographs taken i n  rap id  sequence dur ing  the test runs,  In  
t h e  fiyures, tho f u l l - s c a l e  daunstream sepa ra t ion  d i s t a n c e  x i n  km (n.mi.1 corre- 
sponding to t h e  time a t  which each photograph was taken is given under the photo- 
graph, and t h e  wake a t  increas ing  davnstrean d i s t a n c e s  is seen by viewing success ive  
photographs i n  each row i n  the f i g u r e  from l e f t  to r i g h t .  In  several of t h e  f i g u r e r ,  
t h e  model is seen i n  t h e  f i rs t  photograph immediately a f t e r  it has passed througn the 
smoke screen .  A q u a l i t a t i v e  estimate of the r o t a r y  mot.ion i n  the wake can be made 
from these st i l l  photographs by not ing  t h e  e x t e n t  to which t h e  smoke is organized 
i n t o  s p i r a l  pa t t e rns .  H o w e v e r ,  i f  the wake v o r t i c e s  are d i f fused  and l i t t le r o t a r y  
motion remains, it is gene ra l ly  impossible to  detect t h i s  motion i n  the photographs. 
I t  should be emphasized, therefore, t h a t  t h e  fol lowing d i scuss ion  of data f i g u r e s  is 
also based on s tudy of motion f i l m  covetrage of t h e  test runs. 

RESULTS AND DISCUSSION 

In t h i s  s ec t ion ,  the c h a r a c t e r i s t i c s  of the basic unat tenuatad  wake are pre- 
sented f i r s t  for comparison, with t h e  a t t enua ted  wakes d iscussed  later.  Effects on 
tho  wake of f i x e d  spot ler deflection and of l a t e r a l  cont ro l - sur face  o s c i l l a t i o n s ,  
both asymmetric and symmetric, are t h e n  discuased.  I n  each case ,  details  of t h e  wake 
rol l -up process are presented first ,  followed by a d i scuss ion  of cha, icteristics 
after ro l l -up  is complete, In add i t ion ,  a comparison is made betwee,. the apparent  
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amount of vortex a t t e n u a t i o n  obta ined  with asymmetric c m c i l l a t i n g  8u r face r  and with  
d e f l e c t e d  a p o i l e r s .  

Basic conf igu ra t ion  (NO c o n t r o l  ~ e f l e c t i o n a )  

The basic unattenuated wake system is presented  i n  the photograph8 i n  figure 5. 
&s is well knuun from previous i n v e s t i g a t i o n s  (see ref. 61, i n i t i a l l y  aepatate 
vortices are shed on each side of the wake from t h e  f lap  edges and wing tip. 
dominant vortex i r ,  shed from the o u t e r  edge of the outboard flap, and weaker uorticea 
are shed froa the wing t i p  and inboard flap. 'Ihe Maker v o r t i c e s  r a p i d l y  orbit about  
and merge downstream w i t h  the outboard-flap vortex (wi th in  a l o n g i t u d i n a l  trauel of 
the aircraft of approximately 6 spans)  . 
cons idered  complete, and the rake system c o n s i s t s  of two s t rong,  p e r s i s t e n t ,  counter- 
r o t a t i n g  v o r t i c e s ,  which are cha rac t e r i aed  by apparent ly  laminar cores and l a r g e  
saximur r o t a t i o n a l  velocities (ref. 7 ) .  

Ihe 

lifter thia p o i n t ,  the ro l l -up  procaaa is 

Bacause the wing-tip and inboard-flap v o r t i c e s  are r e l a t i v e l y  weak and merge 
r ap id ly  with the outboard-flap vortex,  it is d i f f i c u l t  to see details  of thir ro l l -up  
process i n  f i g u r e  Wa). 'Ihe p o s i t i o n s  of the ind iv idua l  vortices am i d e n t i f i e d  i n  
the PhOtographS, however. Once ro l l -up  is complete, a synratric vortex w i t \  a we l l -  
defined core can be seen (note  vortex from the port side of the model; core detail8 
of starboard vortex are no t  v i s i b l e  because of inadequate smoke seeding i n  this par- 
t i c u l a r  test run).  As sham i n  f i g u r e  5(b), this vortex system per@hta, de8canding 
i n  the test s e c t i o n  u n t i l  it dissipates due to its close proximity to the test- 
s e c t i o n  floor a t  a f u l l - s c a l e  downstream d i s t ance  of about 3 n.mi. 

Effects of Fixed Spoiler Def lec t ion  

The efCects of deflected f l i g h t  spoilers on t h e  wake characterirtics are sha rn  
i n  the photographs i n  f i g u r e  6. 
wake I n  terms of i n i t i a l  v o r t i c i t y  d i s t r i b u t i o n ,  ro l l -up  dynamics, and characteris- 
tics af ter  roll-up. Roll-up (fig.  6 (a) )  is cha rac t e r i aed  by a s t r o n g  vortex pair 
shed from the inbo8td flap, and a r e l a t i v e l y  weak, d i f f u s e d  vo r t ex  system shed from 
the outboard f lap and wing tip. 'Ihe inboard-flap vortex pair is shed i n  the a t rong  
dawnwash f i e l d  behind t h e  flap, descends r ap id ly  belaw, and then orbits outward from 
the wing-tip and outboard-flap system ( x  - 0.23 n.mi.). These ttm vortex ays t en r  
slowly merge ( x  - 0.52 nomi.), a process taking a f u l l - s c a l e  dawnstream d i s t a n c e  of 
approximately 1 n.ni. to  complete. Unlike the basic vortex,  once rol l -up is 
complete, t h i s  system c o n s i s t s  of a d i f f u s e d  region of r o t a t i n g  flw without  a well- 
defined core. 

This wake  system d i f f e r s  cons iderably  from the b a a i c  

A better understanding of the  effects of deflected spoilers on ro l l -up  can be 
gained by a cons ide ra t ion  of t h e i r  expected in f luence  on both the  local f law region 
over t h e  outboard f l a p  and, more gene ra l ly ,  on the overall wing spanwise l i f t  d i a t r i -  
bution. Due t o  the  a c t i o n  of the a p o i l e r s ,  much of the f low omr the outboard f l a p  
would be separated, reducinc : \e f l a p  loading and i n j e c t i n g  turbulence i n t o  the vor- 
t e x  ahed from its o u t e r  edge, both a f f e c t s  combining to weaken and d i f f u s e  t h i s  oth- 
erwise dominant vortex. Also important is the fact  that  a measured inc rease  i n  ang le  
of a t t a c k  of about 2 . 5 O  was required to  maintain the  l i f t  c o e f f i c i e n t  of 1.4 with  
these three spoiler segments deflected 45*. *e r e s u l t i n g  increased l i f t  inboard 
would be expected t o  inc rease  the s t r e n g t h  of the inboard-flap vortex and the down- 
wash v e l o c i t y  behind the  flap. In add i t ion ,  s i n c e  t h e  l i f t  car ryover  t o  t h e  outboard 
f lap  would be reduced, the spanwiae l i f t  g r a d i e n t  between t h e  f l a p s  would become more 



pronounced and r e s u l t  i n  a s t r o n g e r  vo r t ex  from t h e  outboard edge or' the inboard 
f l a p ,  c r e a t i n g  a vor tex  pair from this f l ap .  These combined effects r e s u l t  i n  the 
t r a i l e d  v o r t i c i t y  behind the  wing be ing  r e d i s t r i b u t e d  i n t o  three separate regions,  
which subsequent ly  become f u r t h e r  separated because of the large d i f f e r e n c e  i n  down- 
wash behind the  two f lap systems. W i t h  the t o t a l  v o r t i c i t y  naw more equa l ly  divided 
i n t o  these  widely separated regions,  rol l -up is delayed, a l lowing  d i f f u s i o n  of vor- 
t i c i t y  to occur,  p a r t i c u l a r l y  i n  the vor tex  pair a s  it spreads while merging. 

Beyond a downstream sepa ra t ion  of 1 n.mi., however, a E3re organized vo r t ex  
system forms, w i t h  a visible core region (fig. 6 (b ) ) .  This system descends smwha t  
more slowly than the basic wake, permi t t ing  observa t ion  to a greater downstream dis- 
tance.  
the vor tex  system persists with l i t t l e  apparent  f u r t h e r  decay. 

mr the downstream d i s t a n c e  of approximately 4 n.ni. sham i n  figure 6(b),  

Effec ts  of Asymmetric Surface  O s c i l l a t i o n  

A p a r t i c u l a r l y  valuable  f e a t u r e  of the f low-visual izat ion technique employed i s  
tha t  i t  permits observa t ion  of w a k e  f law nonuniformit ies  and vor tex  i n t e r a c t i o n s .  
the p r e s e n t  tests, cont ro l - sur face  o s c i l l a t i o n  produced l a r g e  long i tud ina l  f low non- 
un i fo rmi t i e s  i n  t h e  w a k e  du r ing  each cyc le  of o s c i l l a t i o n .  Use of this technique t o  
analyze the wake with such periodic flow d is turbances ,  however, requi red  s tudy  of 
numerous test runs for a given configurat ion.  f i e  time h i s t o r y  of only one two- 
dimensional region i n  t h e  wake could be observed on a given test run, and the two- 
dimensional wake characteristics differed g r e a t l y  wi th in  t he  long i tud ina l  reg ion  
represented by each period of o s c i l l a t i o n .  In  other words, t h e  wake characteristics 
seen  on a g iven  test run depended on the  phase of o s c i l l a t i o n ,  t h a t  is, the o r i en ta -  
t i o n  of the  c o n t r o l  su r f aces  as the model a i rcraf t  passed through the smoke screen .  

I n  

For the asymmetric o s c i l l a t i n u  case presented i n  figure 7, two l ong i tud ina l  
regions w i t h  d i s t i n c t l y  d i f f e r e n t  characteristics were observed, one asymmetric and 
one symmetric. b l l - u p  of the asymmetric region (fig.  7(a)) is cha rac t e r i zed  i n i -  
t i a l l y  by a s t ronger ,  more def ined  vor tex  on one side of the wake than on the other. 
(See wake from port side of the model i n  fig. 7(a) a t  x = 0.27 n.mi.1 This vortex 
system is shed from the wing-tip and outboard-f lap outer-edge vor tex  (vor tex  sys-  
t e m  ( 2 ) ) .  As ro l l -up  cont inues,  however, r o t a t i o n  on this side diminishes  r ap id ly ,  
and by the time rol l -up is complete (approximately 1 n.mi.), the wake is r e l a t i v e l y  
symmetrical (see lower r i g h t  photograph i n  f ig .  7(a)) .  Either s ide  of the wake can 
e x h i b i t  this greater r o t a t i o n  on d i f f e r e n t  test runs,  depending on su r face  or ien-  
t a t i o n  during passage of the model through the smoke screen.  
the wake, the wing-tip and outboard-flap vortex system (vor tex  system ( 1 ) )  is 
d i f fused  w i t h  reduced ro t a t ion .  
side (vor tex  system ( 3 1 1 ,  descends w e l l  below and then outboard of this system 
( x  = 0.27 n.mi.1, and appears to  dissipate without  merging ( x  0.49 n.mi.). 

On the opposite side of 

A vor tex  pair i s  shed from t h e  inboard f lap  on that 

An i n t e r e s t i n g  a d d i t i o n a l  ro l l -up  characteristic of t h i s  asymmetric region is a 
lateral  t r a n s f e r  of the inboard-f lap vortex system from the s t ronge r  to the weaker 
s i d e  of the  wake. Note that the port inboard-f lap vor tex  pair (vor tex  system ( 4 ) )  i n  
f i g u r e  7 ( a )  t r a n s f e r s  to  the other side of the wake and merges with t h e  vor tex  sys- 
tems on t h a t  s ide.  This lateral  t r a n s f e r  is shown c l e a r l y  i n  f i g u r e  7 (b )  where the 
smoke screen  is not  as dense, permi t t ing  the ind iv idua l  vo r t ex  systems to be d i s t i n -  
guished more e a s i l y .  In  f i g u r e  7 (b ) ,  the  s t ronge r  wing-tip and outboard-f lap vo r t ex  
system is seen on the starboard eide (vor tex  system (311, and i t  is the starboard 
inboard-f lap vortex pair (vor tex  system ( 1 ) )  that t r a n s f e r s .  Note t h a t  the la teral  
t r a n s f e r  occurs  in a r e l a t i v e l y  s h o r t  period of time, being e s s e n t i a l l y  complete 
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wi th in  a downstream d i s t a n c e  of approxiaa te ly  0.25 n.mi. 
thought t o  r e e u l t  from t h e  fact that the c e n t r o i d  of the wake v o r t i c i t y  is n o t  coin- 
c i d e n t  w i t h  t he  wake c e n t e r l i n e  when t h e  s u r f a c e s  are cieflected asymmetrically,  s i n c e  
the total l i f t  on the wings is unequal. 

This vortex t r a n s f e r  is 

F i n a l  ro l l -up  of t h e  three vor tex  systems making up the weaker side of the wake 
takes a downstream d i s t ance  of approximately 1 nomi. 
flaw is produced that exhibits p r a c t i c a l l y  no r o t a r y  motion once t h e  merging process 
is complete. (See vor tex  systems (11, (31,  and ( 4 )  a t  x = 0.87 n.mi. i n  fig. 7 (a ) . )  

A broad region of t u r b u l e n t  

C h a r a c t e r i s t i c s  of the asymmetric reg ion  beyond a downstream d i s t a n c e  of 1 n.mi. 
me s m a l l  amount of r o t a r y  motion remaining i n  the w a k e  on  are shown i n  figure 7 ( c ) .  

t h e  s t r o n g e r  side (wake from port s ide  of model i n  fig. 7 ( c ) )  cont inues  to  r a p i d l y  
diminish so that after a short d i s t a n c e  farther downstream, p r a c t i c a l l y  no r o t a r y  
motion is observed on either s i d e  of the wake i n  t h i s  asymmetric reg ion  (see 
photograph a t  x = 1.30 n.mi. 1 . 

Roll-up of the symmetric region (see fig. 7 ( d ) )  is cha rac t e r i zed  by a s t r o n g  
inboard-f lap vo r t ex  pair and a r e l a t i v e l y  weak, d i f f u s e d  wing-tip and outboard-f lap 
vo r t ex  system on each side. 
of the wing-tip and outboard-flap system (photographs a t  x = 0.26 and 0.49 n.mi.), 
merging w i t h  it a t  a downstream d i s t a n c e  of approximately 1 n.mi. (lower r i g h t  pho- 
tograph). A t  this downstream d i s t ance ,  a moderate amount of r o t a r y  motion remains i n  
the ;ake. Farther downstream (see fig. 7 ( e ) ) ,  t h i s  r o t a r y  motion diminishes ,  b u t  a 
small amount is seen t o  remain i n  t h i s  symmetric region ( x  = 1.48 n.mi.). 

*e inboard-f lap system decends below and then outboard 

The symmetric reg ions  are apparent ly  produced when the l a t e r a l - c o n t r o l  s u r f a c e s  
pass through the n e u t r a l  s e t t i n g ,  and the asymmetric reg ions  are produced du r ing  
other p o r t i o n s  of the cycle ,  w i t h  t h e  degree of asymmetry depending on the  amount of 
su r face  d e f l e c t i o n  from ne*t t ra l .  Therefore,  both symmetric and asymmetric r eg ions  
are produced twice dur ing  each cycle .  In  the asymmetric regions,  t h e  s t ronge r  or 
weaker r o t a t i o n  is produced first on one s ide  of the wake and then on the o t h e r ,  
depending on whether the s u r f a c e  d e f l e c t i o n s  correspond to  a r i g h t  or lef t  c o n t r o l  
input .  Therefore,  the inboard-f lap vor tex  systems t r a n s f e r  across the wzke cerrter- 
l i n e  from the s t ronge r  to  the weaker side also twice each cyc le ;  they  t r a n s f e r  first 
from one side of the wake, then from the other, so the d i r e c t i o n  of t r a n s f e r  alter- 
nates .  These l a r g e  pe r iod ic  movements of the  inboard-f l a p  vor tex  systems l a t e r a l l y  
a c r o s s  the wake are believed to  be a n  important  c o n t r i b u t i n g  mechanism to  the rapid 
vor t ex  breakdown observed for t h i s  asymmetric o s c i l l a t i n g  case. 

A comparison between t h i s  wake, showing both asymmetric and symmetric longi tudi -  
n a l  regions,  and the w a k e  with spoilers deflected 4 5 O  is presented  i n  f i g u r e  8. This 
comparison i n d i c a t e s  t h a t  asymmetric control-surface o s c i l l a t i o n  apparent ly  produces 
a more d isorganized  wake w i t h  less r o t a r y  motion than  is obta ined  w i t h  s ta t ic  spoiler 
de f l ec t ion .  Whereas the vor tex  system of the spoiler conf igu ra t ion  ( f i g .  8 ( a ) )  
appears t o  reform w i t h  a v i s i b l e  core region ( x  = 1.49 n.mi.1 and to  p e r s i s t  farther 
downstream ( x  = 2.53 nomi.), the vor tex  system of the o s c i l l a t i n g  case is disorga- 
nized d t h  reduced r o t a r y  motion a t  a downstream d i s t a n c e  of approximately 1.50 n.mi. 
( f i g s .  8 (b)  and 8(c)) .  

Effect of Symmetric Surface O s c i l l a t i o n  

In  o rde r  to  ga in  f u r t h e r  i n s i g h t  i n t o  the flow mechanisms con t r ibu t ing  t o  t h e  
vo r t ex  a t t e n u a t i o n  observed with asymmetric o s c i l l a t i o n ,  tests were made wi th  the  
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c o n t r o l  s u r f a c e r  o r c i l l a t i n g  symmetrically, a care for which vor t ex  t r a n r f e r  acrorm 
the  wake c e n t e r l i n e  would no t  be expected. These test8 dittsred from the arrymnetric 
case only i n  t h a t  the c o n t r o l  s u r f a c e s  on o m  wing were o s c i l l a t e d  i n  phase with 
those on the other wing. 

Typica l  ro l l -up  characteristics and subsequent wake deve lomen t  for t h i s  syamet- 
ric case are shown i n  the photographs i n  f i g u r e  9. 
ric, and no vortex t r a n s f e r  ac ross  the c e n t e r l i n e  is obaerved. Roll-up is c h a r a c t e r  
ized by a s t r o n g  inboard-flap vortex pair that, deacends belaw ( x  = 0.14 n.mi.1 and 
then outboard ( x  = 0.48 n.mi.1 of the wing-tip and outboard-flap vo r t ex  system, mer- 
ing with i t  a t  a downstream d i s t a n c e  of approximately 1 n.ai. Farther downstream 
( x  = 1.50 n.mi.) a more organized vortex system forma w i t h  a v i s i b l e  core region. 
Note that these  w a k e  characteristics are g e n e r a l l y  similar t o  those seen w i t h  tha 
static deflected spoiler case (compare with fig.  61, and that the amcant of vortex 
a t t e n u a t i o n  obtained is noticeably less than was obta ined  w+.th asymmetric o s c i l l a t i o n  
(compare w i t h  fig. 7 ) .  
across the wake c e n t e r l i n e  #at was observed w i t h  asymmetric o s c i l l a t i o n  may be an 
important vortex a t t e n u a t i n g  mechanism for t h a t  case. 

As expected, the wake is syanat- 

fiese r e s u l t s  f u r t h e r  indica+_:! t n a t  the vor t ex  t r a n s f e r  

CONCLUDING REMARKS 

A f l a w - v i s u a l i z a t i m  study has been cone cted i n  the Langley Vortex Research 
F a c i l i t y  to i n v e s t i g a t e  efcects of lateral control-surface oscillations on the wake 
of a 0.03-scale model of a wide-body je t  t r a n s p o r t  aircraft. Effects of both asym- 
metric su r face  o s c i l l a t i o n  ( c o n t r o l  su r f aces  move as w i t h  n o m 1  l a t e r a l - c o n t r o l  
i n p u t s )  and symmetric su r face  o s c i l l a t t o n  ( c o n t r o l  s u r f a c e s  move i n  phase) were cow 
pared to effects of f ixed deflected f l i g h t  spoilers. 
f l i g h t  maneuver which was previously inves t iga t ed  on the t r a n s p o r t  aircraft dur ing  
NIISA/FAA f l i g h t  tests and which r e s u l t e d  i n  s u b s t a n t i a l  wake-vortex a t t enua t ion .  
following conclusions are drawn: 

'Ihe asymmetric case simulated a 

The 

1 . The simulated f l i g h t  maneuvcz prod1i-orl G wre disorganized  wake wi th  less 
apparent  r o t a r y  motion than was 'Ibtained w i t h  ei ther symmetric s u r f a c e  oscillation or 
f i x e d  deftc-tcb f l i g h t  s p o i l e r s .  ?or t h i s  asymmetric case, only a small amount of 
r o t a r y  motion remainen i r c  me waka-vortex system once ro l l -up  was complete, a f i n d i n g  
c o n s i s t e n t  w i - t h  r e s u l t s  of the f l i g h t  tests. 

2. Effects of s u r f a c e  o s c i l l a t i o n  on the vo r t ex  roll-up process were compler. 
With asyriraetric oscillation, asymmetric regions were produced wherein part of the 
vor t ex  system t r a n s f e r r e d  ac ross  t h e  wake c e n t e r l i n e ,  .merging w i t h  t h e  vo r t ex  systems 
on the other side of the wake. This vortex t r a n s f e r  phenomenon is ident i f ied as a 
p 0 8 8 i b h  aerodynamic mechanism c o n t r i b u t i n g  t o  the l a r g e  amount of a t t e n u a t i o n  
observed w i t h  asymmetric o s c i l l a t i o n .  

3. Wake ro l l -up  both for o s c i l l a t i n g  c o n t r o l  s u r f a c e s  and for f i x e d  deflected 
e p o i l e r s  was not complete for a full-scale downstream d i s t a n c e  of approximately 
1 n.ni. 

Langley Research Center 
Nati m a l  Reronautics and Space Administration 
bmpton,  VA 23665 
March 28, 1983 
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